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ABSTRACT 

Hi-Nicalon™-S  SiC  fibers  were  oxidized  in  Si(OH)4  saturated  steam  at  500°  to  1500°C 
for  1  -  100  hours.  Fiber  tensile  strengths  were  measured  for  fibers  that  retained  reasonable 
strength,  which  did  not  include  any  fibers  oxidized  at  temperatures  over  1000°C.  Oxidation  and 
scale  crystallization  kinetics  were  characterized  by  optical  and  transmission  electron  microscopy. 
At  700°C  and  higher,  if  Si02  glass  scales  got  too  thick  they  often  dewetted  the  SiC  fibers  and 
would  spheroidize.  Si02  glass  wicked  to  the  spheroids  as  fast  as  it  formed  on  the  dewetted  SiC 
surface,  causing  faster  oxidation.  Si02  crystallization  to  cristobalite  began  after  100  h  at  700°C, 
but  some  glass  scales  were  still  present  after  1  h  oxidation  at  1400°C.  Cristobalite  scale  that 
formed  as  glass  before  crystallizing  was  relatively  coarse-grained,  and  scale  that  formed  as 
cristobalite  was  fine-grained.  Grain  growth  at  1500°C  was  inferred  to  consume  fine-grained 
scale,  and  formed  grains  with  size  comparable  to  the  scale  thickness.  Si02  scale  crystallization, 
microstructure  evolution,  and  the  interaction  between  microstructure  evolution  and  oxidation 
kinetics  are  discussed.  Oxidation  kinetics  and  oxidized  fiber  strength  are  compared  with  fibers 
oxidized  in  dry  air,  and  strength  degradation  mechanisms  are  examined. 

INTRODUCTION 

Hi-Nicalon™-S  SiC  fibers  are  used  in  some  of  the  most  advanced  SiC-SiC  ceramic  fiber- 
matrix  composites  (CMCs),1"3  and  their  properties  govern  many  of  the  critical  mechanical 
properties  of  SiC-SiC  CMCs.4  SiC-SiC  CMCs  are  under  intense  development  effort,  and  will  be 
inserted  as  first  stage  shrouds  in  the  Boeing  737  CFM  LEAP  engine.5  More  demanding 
applications  under  development  include  turbine  engine  vanes,  blades,  liners,  exhaust  washed 
structures,  and  various  nuclear  applications. 

Hi-Nicalon™-S  fiber  has  near-stoichiometric  (3-SiC  composition,  variously  reported  as 
0.25  to  1  at%  excess  oxygen,  50.0  to  51.5  at%  carbon  with  2  to  3.1%  free  carbon,  and  48.1  to 
49.1  at%  Si.  2’ 6-9  Properties  of  Hi-Nicalon™-S  fiber  are  described  in  many  publications.6, 8-14  (3- 
SiC  grain  size  is  10  -  50  nm.8  Tensile  strengths  of  Hi-Nicalon™-S  SiC  fibers  are  affected  by 
oxidation.14'21  Dry  air  oxidation  increases  Hi-Nicalon™-S  strength  slightly  when  glass  Si02 
scales  form,  but  if  scales  are  crystalline  the  strength  degrades.  16  This  is  attributed  to  the 
compressive  and  tensile  residual  stresses  that  form  in  glass  and  crystalline  scales,  respectively.16 
Steam  is  a  major  component  of  the  turbine  engine  combustion  environment,  but  work  on  SiC 
fiber  oxidation  kinetics  and  strength  degradation  mechanisms  in  steam  is  limited.22 

SiC  oxidation  in  steam  can  be  either  passive  or  active.23"27  Active  oxidation  from  Si(OH)4 
vaporization  is  dominant  at  high  gas  flow  rates.  At  low  gas  flow  rates  or  in  conditions  where 
steam  is  partially  saturated  with  the  Si(OH)4  volatilization  product,  scale  thickness  will  reach  a 
steady-state  value  where  the  Si(OH)4  volatilization  rate  balances  the  oxidation  rate.23,  26,  27 
Passive  oxidation  is  the  only  operating  oxidation  mechanism  in  static  environments,  or  when 
steam  is  saturated  with  Si(OH)4.  These  conditions  are  expected  to  be  approached  during  fiber 
oxidation  along  microcracks,  which  is  the  physical  situation  of  greatest  concern  to  long-term 
environmental  durability  of  SiC-SiC  CMCs.  Narrow  crack  apertures  limit  gas  flow  rates  to  low 
values,  and  steam  that  does  penetrate  by  flow  or  Knudsen  diffusion  can  be  expected  to  be 
saturated  with  Si(OH)4  by  the  SiC  matrix  in  the  crack  wakes.  The  effects  of  passive  oxidation  of 
SiC  fibers  in  Si(OH)4  saturated  steam  are  therefore  critical  to  modeling  and  prediction  of  the 
environmental  durability  of  SiC-SiC  CMCs. 

Experiment  methods  and  apparatus  developed  to  insure  Si(OH)4  saturation  are  discussed. 
Preliminary  results  for  Hi-Nicalon™-S  SiC  fiber  oxidation  kinetics,  Si02  scale  microstructure 
development,  and  fiber  strength  after  oxidation  in  Si(OH)4  saturated  steam  are  presented, 
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discussed,  and  compared  with  similar  experiments  in  dry  air.ib’ ib’ za  More  thorough  presentation 
and  analysis  will  appear  in  forthcoming  papers. 

EXPERIMENTS 

A  schematic  diagram  of  the  apparatus  is  shown  in  figure  1.  The  polyvinyl  alcohol  sizing 


Figure  1.  Schematic  diagram  of  equipment  used  to  oxidize  SiC  fibers  in  Si(OH)4  saturated  steam. 


on  Hi-Nicalon™-S  was  removed  by  two  sequential  dissolutions  in  boiling  distilled  deionized 
water  in  a  Pyrex  glass  beaker  for  one  hour.15, 28, 29  After  desizing  the  fibers  were  handled  only 
with  tweezers  or  gloved  hands.  Five  to  six  7.5  cm  length  fiber  tows  were  spread  out  and  placed 
in  a  U-shaped  Si02  glass  boat  in  a  1.7  cm  ID,  122  cm  long  Si02  glass  tube.  The  tube  was  sealed 
at  one  end  and  double-distilled,  deionized  water  was  pumped  into  the  sealed  end  using  a 
peristaltic  pump  (Watson-Marlow  323)  with  1.6  mm  ID  and  1.6  mm  tubing  wall  thickness 
(Watson-Marlow  Marprene).  The  pump  ran  at  3  rpm  yielding  a  flow  rate  of  0.05  L/h.  The  glass 
tube  was  centered  in  a  71  cm  long,  4.5  cm  ID  alumina  tube.  The  alumina  tube  was  centered  in  a 
51  cm  long  MoSi2  furnace  (CMI,  Inc.,  Bloomfield,  NJ).  A  6.3  cm  long  preheater  with  SiC 
furnace  elements  (Norton  Model  271W)  was  just  upstream  of  the  main  furnace  along  the  Si02 
tube.  This  pre-heater  was  run  off  a  thermocouple  outside  the  Si02  tube,  at  a  temperature  about 
100°C  hotter  than  the  furnace  set-point  temperature.  About  8  cm  of  SiCb  wool  was  loosely 
packed  in  the  Si02  tube  along  the  preheater  length,  and  another  8  cm  of  Si02  wool  was  just 
upstream  of  the  SiC  fibers  (Fig.  1).  Water  evaporated  as  it  wicked  through  the  SiCh  wool  in  the 
pre-heater.  A  type  B  thermocouple  in  an  alumina  sheath  was  used  to  monitor  temperature  just 
downstream  of  the  SiC  fibers.  The  furnace  and  SiCb  tube  were  slightly  inclined  so  that  water 
pumped  into  the  end  of  the  tube  flowed  downhill.  A  fan  cooled  the  upstream  end  of  the  tube  at 
the  water  injection  point.  The  furnace  was  temperature  profiled  for  every  temperature  set-point 
and  water  flow  rate  used  in  experiments.  SiC  fibers  were  inserted  in  the  middle  of  a  12  cm  hot- 
zone  with  temperature  within  ±5°C  of  the  set-point  temperature.  Heat-up  and  cool-down  rates  of 
10°C/min  were  used. 

Experiments  were  done  at  temperatures  from  500°  to  1500°C  in  100°C  increments,  for 
times  of  1,  3,  10,  30,  and  100  h.  At  the  highest  temperatures  experiments  could  not  be  conducted 
for  the  longest  times  because  the  fibers  would  completely  oxidize.  The  SiCb  tube  would  warp 
during  experiments  run  at  temperatures  over  1200°C,  but  the  tube  could  be  reused  by  rotating  it 
180°  for  the  next  high  temperature  experiment.  Steam  flow  rates  were  calculated  to  be  0.2  m/s  at 
500°C  and  0.5  m/s  at  1500°C. 

Hi-Nicalon™-S  scale  thickness,  composition,  phase,  and  microstructure  were 
characterized  by  optical  microscopy,  SEM,  and  TEM  using  methods  described  elsewhere.  ’ 
Average  fiber  diameter  was  12.1  pm.  Strengths  of  the  oxidized  fibers  were  measured  by  tensile 
testing  30  individual  filaments  by  published  methods,32  using  a  loading  rate  of  .021  mm/s  and  a 
2.54  cm  gauge  length.  Only  data  collected  for  fibers  with  clean  breaks  in  the  gauge  section  were 
used.  The  average  (ctAv)  and  Weibull  characteristic  value  (a0)  for  failure  stress  were  calculated, 
along  with  the  Weibull  modulus  (m).  Strengths  were  calculated  using  the  original  SiC  radius  (ri) 
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of  6.05  |um.  Fibers  oxidized  for  long  times  at  high  temperature  were  often  untestable  because 
most  breaks  occurred  at  the  grips. 

RESULTS  AND  DISCUSSION 

Fiber  Strength 

The  average  tensile  strength  (cjav)  as  a  function  of  oxidation  time  in  SifOHU  saturated 


steam  from  500°  to  1000°C  is  shown  in  figure  2. 


tth) 


Figure  2.  Average  fiber  tensile  strength  (cjav)  of 
Hi-Nicalon™-S  after  heat-treatment  in  Si(OH)4 


Figure  3.  Optical  transmitted  light  micrographs 
of  Si02  scale  dewetting  after  oxidation  in  steam 
at  700°  and  800°C.  Some  scales  formed  at  800°C 
were  facetted  and  crystallized  to  cristobalite. 


Fibers  oxidized  at  temperatures  over  1000°C 
were  either  bonded  together  by  thick  Si02 
scales,  or  too  weak  to  be  tensile  tested.  The 
same  was  true  for  fibers  oxidized  at  900° 
and  1000°C  for  times  greater  than  10  hours. 
CTav  for  as-received  Hi-Nicalon™-S  was 
2.85  GPa. 

Fibers  oxidized  at  500°C  did  not 
show  strength  degradation.  Strengths  were 
degraded  in  fibers  oxidized  at  600°,  700°, 
and  800°C  when  oxidation  times  were 
greater  than  10  hours.  Fibers  oxidized  at 
900°  and  1000°C  had  degraded  strengths  for 
oxidation  times  of  1,  3  and  10  hours. 

Si02  Scale  Dewetting 

Si02  scale  dewetted  the  SiC  fibers 
and  spheroidized  after  steam  oxidation  for 
30  and  100  h  at  700°  and  800°C  (Fig.  3),  and 
some  evidence  of  dewetting  was  observed 
after  oxidation  at  higher  temperatures.  The 
sizes  and  spacing  of  spheroids  were  not 
uniform  from  filament  to  filament,  or  along 
the  length  of  a  filament.  Slight  temperature 
variations  and  spacing  between  adjacent 
filaments  may  contribute  to  non-uniformity, 
but  an  overriding  explanation  was  not 
apparent.  Some  of  the  dewetted  scales 
formed  at  800°C  were  facetted.  TEM 
analysis  shows  crystallization  to  cristobalite. 
Crystallization  of  spheroidized  scale  was  not 
observed  at  700°C. 

Much  larger  volumes  of  Si02  scale 
formed  when  the  scale  dewetted.  Freshly 
dewetted  SiC  will  oxidize  at  the  fastest 
possible  rate,  defined  by  the  linear  oxidation 
rate  constant  B/A  in  Deal-Grove  analysis.28, 
33  If  Si02  wicks  to  a  spheroid  as  fast  as  it 
forms,  fresh  surface  will  be  available 
continuously  and  oxidation  will  continue  to 
proceed  at  the  maximum  possible  rate.  The 
amount  of  Si02  that  forms  will  be  roughly 
proportional  to  the  amount  of  that  time  the 
scale  has  dewetted.  If  scale  dewets  late 
during  oxidation,  scale  volumes  will  not  be 
much  larger  than  those  that  normally  form 
with  parabolic  oxidation  kinetics,  but  if  scale 
dewets  early  much  larger  volumes  will  form. 
This  can  be  clearly  seen  in  some  of  the 
examples  in  figure  3. 
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Scale  dewetting  was  not  observed  during  dry  air  oxidation  of  Hi-NicalonliV1-S.  The  very 
large  reduction  in  Si02  viscosity  that  accompanies  incorporation  of  hydroxyl  groups  may  explain 
dewetting.  SiO?  viscosity  can  be  reduced  by  several  orders  of  magnitude  at  700°  or  800°C  if  it  is 
OH'  saturated, 35  which  makes  dewetting  and  spheroidization  of  Si02  scale  kinetically  feasible. 
Rigorous  analysis  of  Si02  dewetting  and  spheroidization  conditions  will  be  presented  in  a 
forthcoming  paper. 

Oxidation  Kinetics 

Qualitative  aspects  of  oxidation  kinetics  and  the  relationship  of  kinetics  to  scale 
microstructure  development  are  reported.  Preliminary  thicknesses  data  of  (mostly)  cristobalite 
scale  formed  at  700°  to  1500°C  measured  using  optical  microscopy  are  shown  in  figure  4.  An 

average  for  measurements  on  at  least  10 
fibers  is  plotted.  The  standard  deviations 
from  the  average  are  plotted  as  small  points 
for  eachi  temperature/time.  Gray  lines 
showing  t/2  time  dependence  expected  for 
parabolic  oxidation  kinetics  are  shown  for 
reference.  All  scales  became  thicker  with 
time  (Fig.  4),  and  did  not  reach  a  steady- 
state  value  that  would  be  expected  under 
conditions  with  only  partial  saturation  of  the 
steam  with  Si(OH)4.  26,  27  This  inspires 
confidence  that  the  experiment  methods 
used  saturate  steam  with  the  Si(OH)4 
volatilization  product,  so  active  oxidation  is 
insignificant.  Thin  scales  that  formed  at  low 
temperatures  and  short  times  were  not 
measurable  by  optical  microscopy.  They 
were  measured  by  TEM,  and  when 
measurement  and  analysis  are  complete  will 
be  reported  in  a  forthcoming  publication. 

Thick  scales  had  growth  cracks  from 
tensile  stress  that  develops  in  old  scale  as  it 
is  pushed  outward  and  forced  to  occupy  a 
larger  circumference  (Fig.  5).  ’  This  has 
been  modeled  and  discussed  in  previous 
publications  on  SiC  fiber  oxidation  in  dry 
air.  These  scales  are  not  hermetic.  The 
growth  cracks  are  short-circuit  pathways  for  oxidation,  and  increase  effective  oxidation  rates. 
Scale  thickness  measurements  for  these  thick  scales  were  only  made  on  uncracked  areas,  which 
tended  to  be  on  fibers  with  larger  diameter,  which  have  lower  tensile  growth  stress.36  The  scales 
formed  in  30  h  at  1300°C  were  anomalously  thick,  even  in  uncracked  areas  (Fig.  5).  This 
positive  deviation  from  parabolic  oxidation  kinetics  is  interpreted  to  be  due  to  the  effect  of 
cylindrical  geometry.  When  the  scale  thickness  becomes  comparable  to  the  fiber  radius,  in  this 
case  around  2  pm,  planar  geometry  no  longer  accurately  describes  Deal-Grove  oxidation  kinetics 
and  there  is  a  positive  deviation  from  planar  geometry  parabolic  kinetics.  We  have  analyzed  this 
in  earlier  publications.28, 29 

There  are  other  anomalous  features  in  the  scale  thickness  -  time  plot  (Fig.  4).  Scales 
measured  after  100  h  oxidation  at  700°  and  800°C  were  thicker  than  those  formed  at  900°C.  This 
may  be  related  to  the  relative  amount  of  time  scales  grew  in  the  glass  and  crystalline  states. 
However,  as  previously  discussed,  most  scales  formed  at  700°C  and  800°C  after  100  h  oxidation 
had  spheroidized.  Thickness  measurements  were  only  made  on  the  relatively  small  number  of 
scales  that  were  continuous.  These  measurements  may  have  been  made  on  sections  cut  through 
an  annular  bead  of  dewetted  Si02,  which  would  account  for  their  anomalously  large  thickness. 

The  most  unusual  anomaly  concerns  the  apparent  lack  of  significant  temperature 
dependence  on  the  scale  growth  rate  from  1200°  to  1500°C  (Fig.  4).  Transmission  electron 
microscopy  (TEM)  of  the  scales  suggests  that  this  is  related  to  the  relative  amounts  of  time  the 


Figure  4.  Fog-log  plot  of  Si02  scale  thickness  on 
Hi-Nicalon™-S  formed  after  oxidation  in 
Si(OH)4  saturated  steam. 
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Figure  5.  Optical  transmitted  light 
micrographs  of  Si02  scales  formed  on  Hi- 
Nicalon1  -S  after  oxidation  in  Si(OH)4 
saturated  steam  at  1300°C  for  30  h  and 
1400°C  for  10  h. 


scale  spent  in  the  glass  and  crystalline  state, 
and  to  the  microstructure  development  in  the 
scale  at  different  temperatures.  The  next 
section  will  discuss  TEM  and  the 
microstructure  of  some  of  these  scales. 

TEM  of  Si02  Scales  Formed  at  1000°  to 
1500°C 

A  TEM  micrograph  of  a  scale 
formed  in  1  h  in  Si(OH)4  saturated  steam  at 
1000°C  is  shown  in  figure  6.  Selected  area 
electron  diffraction  patterns  (SAD)  for 
indicated  areas  of  the  scale  are  shown  as 
insets.  The  scale  is  about  500  nm  thick  and  is 
completely  crystallized  to  cristobalite.  It  is 
nearly  an  order  of  magnitude  thicker  than 
glass  scales  that  form  in  1  h  at  1000°C  in  dry 
air.28  There  are  two  distinct  parts  to  the  scale, 
which  were  previously  observed  after 
oxidation  in  dry  air,  albeit  at  higher 
temperatures.  The  outer  part  is  coarse 
grained  cristobalite.  The  inner  part  is  fine, 
columnar  grained  cristobalite.  They  are 
separated  by  a  line  of  pores.  The  outer, 
coarse-grained  cristobalite  is  scale  that 
formed  as  a  glass  and  crystallized  to 
cristobalite,  in  the  process  eliminating  ah  the 
growth  stress  built  in  to  the  glass  scale.36 
The  inner,  fine-grained  columnar  cristobalite 
is  scale  that  formed  as  cristobalite.  The 
enormous,  GPa  level  growth  stresses 
accompanying  the  220%  volume  expansion 


Figure  6.  TEM  micrograph  of  scale  formed  in  1  h  on  Hi-NicalonliV1-S  in  Si(OH)4  saturated 
steam  at  1000°C.  SAD  insets,  from  left  to  right,  show:  Ring  pattern  for  (3-SiC;  Ring  pattern  for 
a-cristobalite;  Ring  pattern  for  a-cristobalite  superimposed  on  a  single  crystal  a-cristobalite 
pattern,  and;  [001]  Single-crystal  pattern  for  a-cristobalite. 

to  form  cristobalite  during  SiC  oxidation  is  relieved  by  dislocation  slip,16,  36  accompanied  by 
dynamic  recrystallization  that  forms  columnar  subgrains.  These  columnar  subgrains  are  more 
obvious  in  a  higher  magnification  TEM  micrograph  of  a  scale  formed  in  3  h  in  Si(OH)4  saturated 
steam  at  1000°C  (Fig.  7).  The  width  of  these  columnar  grains  was  about  50  nm.  Detailed, 
systematic  measurements  are  underway  to  characterize  the  grain-size  distributions  in  the  scales. 
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Figure  7.  TEM  micrograph  of 
scale  formed  in  3  h  on  Hi- 
Nicalon™-S  in  Si(OH)4 
saturated  steam  at  1000°C. 


Scales  formed  at  1200°C  were  less  well  crystallized 
than  those  formed  at  1000°C  (Fig.  8).  Some  scales  were 
completely  crystallized,  some  were  all  glass,  and  some  were 
partially  crystallized.  This  erratic  crystallization  behavior  was 
not  observed  in  dry  air  oxidation.28  The  microstructures  of 
some  700  nm  to  1.2  pm  thick  scales  formed  in  1  h  1200°C 
oxidation  in  Si(OH)4  saturated  steam  suggest  three  stages  of 
growth:  1.  Initial  formation  of  a  glass  scale  that  eventually 
crystallizes  to  coarse-grained  cristobalite;  2.  Continued  scale 
formation  as  fine-grained  cristobalite,  and;  3.  Reversion  to 
growth  as  a  glass  scale.  Oxidation  rates  are  much  faster  when 
glass  scales  form,37, 38  so  the  prolonged  presence,  or  reversion 
to,  growth  in  the  glass  state  at  1200°C  would  enhance 
oxidation  rates.  This  is  evident  in  figure  4,  where  the  average 
measured  scale  thicknesses  after  oxidation  for  1  h  at  1200°C 
are  slightly  larger  than  the  scales  formed  at  any  other 
temperature,  including  those  at  1500°C.  These  scales  are 
about  3x  thicker  than  those  formed  in  dry  air.28 

Erratic  crystallization  continued  during  steam 
oxidation  at  1400°C.  After  oxidation  for  3  h  at  1400°C  in 


1200%  Ih 


Figure  8.  TEM  micrograph  of  scale  formed  in  1  h  on  Hi- 
Nicalon™-S  in  Si(OH)4  saturated  steam  at  1200°C. 


Si(OH)4  saturated  steam,  coarse¬ 
grained  cristobalite  scales 
predominate  (Fig  9a, c),  but  glass 
scales  without  a  trace  of 
crystallization  can  still  be  found 
(Fig.  9b).  As  expected,  the  glass 
scales  are  somewhat  thicker  than 
crystalline  scales,  but  the 
difference  is  not  nearly  as  great 
as  that  observed  after  oxidation  at 
lower  temperatures. 

All  scales  formed  after 
oxidation  for  1  and  3  h  at  1500°C 
in  Si(OH)4  saturated  steam  had 
crystallized  to  cristobalite  (Fig. 
10).  Most  were  very  coarse¬ 
grained,  and  could  in  some  cases 
be  described  as  single-crystals 
for  dimensions  smaller  than  the 
coating  thickness  (Fig.  10  a,c), 
albeit  with  some  twinning.  There 
were  some  exceptions  to  this 
microstructure  (Fig.  10  b,d). 
Some  scale  microstructures 
show  evidence  of  very  early 
crystallization,  with  a  relatively 
thin,  coarse  grained  outer  scale, 
and  a  relatively  thick,  fine¬ 
grained  inner  scale.  Although 
this  inner  scale  is  described  as 
“fine-grained”,  the  columnar 
grain  width  of  about  200  nm  is 
significantly  larger  than  that  observed  for  analogous  microstructures  formed  at  1000°C  (Fig.  6, 

7). 


Figure  9.  TEM  micrographs  of  scale  formed  in  3  h  on  Hi- 
Nicalon™-S  in  Si(OH)4  saturated  steam  at  1400°C.  a) 
Coarse-grained  cristobalite  scale,  b)  SiCb  glass  scale,  c) 
Very  coarse-grained  cristobalite  scale. 
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Figure  10.  TEM  micrographs  of  scale  formed  in  1  and  3  h  on  Hi-Nicalon1M-S  in  Si(OH)4 
saturated  steam  at  1500°C.  a)  Very  coarse-grained  cristobalite  scale  formed  after  3h  at  1500°C. 
b)  Relatively  fine-grained  cristobalite  scale  formed  after  3h  at  1500°C.  c)  Very  coarse-grained 
cristobalite  scale  formed  after  lh  at  1500°C.  d)  Relatively  fine  columnar-grained  cristobalite 
scale  formed  after  lh  at  1500°C. 


Stability  of  Fiber  Microstructure 

The  most  aggressive  oxidation  condition  used  was  3  h  at  1500°C  in  Si(OH)4  saturated 
steam.  The  glass  tubes  did  not  survive  longer  heat-treatments  at  these  conditions.  The  effects  of 
these  conditions  on  the  microstructure  of  the  Hi-Nicalon™-S  fiber  are  relevant  to  development 
of  higher  temperature  combustion  environment  applications  for  SiC-SiC  CMCs.  TEM 
micrographs  of  the  oxidized  fiber  microstructure,  and  one  micrograph  of  the  SiC-scale  interface, 
are  shown  in  figure  11.  There  is  no  obvious  change  in  SiC  grain  size,  or  SiOC  glass  second- 
phase  size.  The  turbostratic  graphite  inclusions  in  the  SiOC  glass  are  similar  in  size  and 
morphology  to  those  observed  in  as-received  fiber.28  There  may  be  subtle  microstructural 
changes,  such  as  increased  prevalence  of  faceting  of  SiC  grains  along  SiC -SiOC  interphases,  but 
confirmation  of  these  changes  await  detailed  quantitative  analysis  of  the  microstructures. 

Discussion  -  Fiber  Strength 

Hi-Nicalon™-S  strengths  after  dry  and  wet  (3  mol%  H20)  air  oxidation  were  modeled 
using  oxidation  and  scale  crystallization  kinetics,  change  in  load-bearing  area,  and  the  effect  of 
scale  residual  stress  on  SiC  crack  tip  stress  intensity  factors.16  The  model  predicted  strength 
increases  that  accompany  glass  scale  formation,  decreases  that  accompany  crystallization,  and 
some  of  the  strength  differences  between  fibers  oxidized  in  dry  and  wet  air.  However,  fibers 
oxidized  for  long  times  in  wet  air  at  800°  and  900°C  were  ~0.5  GPa  weaker  than  expected, 
implying  a  strength  degradation  mechanism  associated  with  glass  scales  that  was  not  modeled. 
This  was  suggested  to  be  environmentally  assisted  subcritical  crack  growth  (EASCG)  from 
water- vapor  related  surface-active  species.  Despite  the  presence  of  a  thin  glass  scale,  this 
mechanism  operates  to  modestly  weaken  SiC  fibers. 

After  oxidation  at  600°  to  900°C  in  Si(OH)4  saturated  steam,  Hi-Nicalon™-S  strength 
degradation  (Fig.  2)  was  similar  in  magnitude  to  that  observed  after  oxidation  in  wet  air.  This 
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Figure  11.  TEM  micrographs  of  Hi-Nicalon1M-S  SiC  fiber  microstructure  after  3  h  oxidation  in 
Si(OH)4  saturated  steam  at  1500°C.  a)  Low  magnification  image  of  the  Si02-  SiC  interface,  b) 
Intermediate  magnification  of  the  SiC  fiber,  c)  High  resolution  image  of  the  SiC  fiber,  showing 
SiC  grains  and  facetted  SiOC  inclusions  with  turbostratic  graphite  d)  An  even  higher 
magnification  image  of  the  area  in  “c”  showing  an  SiOC  glass  pocket  with  turbostratic 
graphite. 


degradation  occurred  regardless  of  whether  the  Si02  scales  were  hermetic,  or  dewetted  and 
spheroidized  (Fig.  3).  If  the  degradation  mechanism  is  also  EASCG,  the  surface-active  species 
that  promote  flaw  growth  in  the  underlying  SiC  may  not  be  affected  by  the  presence  or  absence 
of  a  hermetic  Si02  glass  layer. 

After  oxidation  at  1000°C  for  1  to  10  h  in  Si(OH)4  saturated  steam,  Hi-Nicalon™-S 
scales  were  0.5-1  pm  thick  (Fig.  4)  and  had  crystallized  to  cristobalite  (Fig.  6,7).  The  strength 
degradation  of  these  fibers  (Fig.  2)  is  similar  to  that  observed  for  dry-air  oxidized  fibers  that  had 
crystallized  scales  of  similar  thickness,15, 16  although  formation  of  0.5  -  1  pm  thick  crystallized 
Si02  scales  required  higher  temperatures  and/or  longer  times  in  dry  air.28  The  degradation 
mechanism  is  suggested  to  be  the  same  in  both  dry  air  and  steam.  It  is  crudely  analogous  to 
reverse  tempering  in  glass  -  the  surface  tractions  imparted  on  strength-governing  surface  flaws 
by  the  tensile  residual  stress  in  the  cristobalite  scales  increases  the  stress  intensity  factors  at  these 
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flaws,  thereby  degrading  strength.  More  thorough  discussion  of  strength  degradation  models  for 
steam-oxidized  SiC  fibers  will  be  presented  in  a  later  publication. 

Discussion  -  Si02  Scale  Microstructure  Evolution 

Between  1200°  and  1500°C,  the  anomalous  lack  of  temperature  dependence  for  Si02 
scale  thickness  formed  during  oxidation  (Fig.  4)  is  attributed  to  the  relative  amounts  of  time  the 
scale  spends  in  the  glass  and  crystalline  states,  and  the  microstructure  evolution  of  the  crystalline 
scale. 

Scales  formed  at  1200°C  in  steam  were  less  well  crystallized  than  those  formed  at 
1000°C.  This  is  much  different  from  the  crystallization  behavior  of  scales  that  formed  in  dry  air, 
where  crystallization  rates  increased  systematically  with  temperature  and  kinetics  were  well 
modeled  by  Kolmogorov- Johnson-Mehl-Avrami  (KJMA)  methods.28  Anomalously  low 
crystallization  rates  at  1200°C  in  steam  enhance  oxidation  rates,  because  02  diffuses  faster 
through  glass  Si02  scales  than  crystalline  scales.37,  38  The  Si02  scales  that  do  form  in  the 
crystalline  state  at  1200°  and  1300°C  are  very  fine-grained  from  dynamic  recrystallization 
accompanying  relief  of  the  very  large  growth  stresses  from  oxidation  volume  expansion  (Fig. 
8). 36  02  diffusion  will  in  this  case  be  governed  by  grain  boundary  diffusion,  and  the  fine  grain- 
size  of  the  cristobalite  scale  will  increase  diffusion  rates. 

At  1500°C,  the  relatively  fine-grained  scales  that  form  as  dynamically  recrystallized 
cristobalite  are  more  coarse-grained  than  those  that  form  at  lower  temperatures  (Fig.  10  b,d), 
presumably  because  of  more  rapid  grain  growth  at  higher  temperatures,  and  more  rapid 
dissipation  of  growth  stress  by  thermally  activated  dislocation  slip  and  climb-based  creep 
mechanisms.36  02  diffusion  will  in  this  case  be  governed  by  cristobalite  grain  boundary 
diffusion,  and  the  fine  grain-size  of  the  cristobalite  scale  will  promote  rapid  oxidation.  However, 
most  scales  formed  at  1500°C  had  grain-size  comparable  or  larger  than  the  scale  thickness  (Fig. 
10  a,c).  This  is  attributed  to  grain  growth  of  the  outer  scale  that  formed  as  glass  and  crystallized 
to  cristobalite,  and  to  growth  of  these  large  grains  through  the  fine-grained  inner  scale  that 
formed  as  cristobalite.  02  diffusion  will  in  this  case  be  governed  by  cristobalite  lattice  diffusion, 
which  will  decrease  diffusion  rates  relative  to  those  in  fine-grained  cristobalite  or  Si02  glass.37, 38 

Future  work  will  attempt  to  support  this  qualitative  description  of  the  relationship 
between  scale  microstructure  development  and  oxidation  kinetics.  Modeling  based  on  scale 
thicknesses  in  the  glass  and  crystalline  states,  crystallization  models,  and  cristobalite  dynamic 
recrystallization  and  grain  growth  models  based  on  observed  grain  sizes  at  different  temperatures 
and  times  will  be  used  to  determine  02  lattice-diffusion  coefficients  for  OH'  saturated  Si02  glass 
and  cristobalite,  and  for  cristobalite  grain  boundaries.  Partial  pressures  of  oxygen  and  H20  will 
be  different  at  various  points  inside  a  cracked  or  uncracked  CMC.  There  will  also  be  constraints 
on  the  volume  expansion.  SiC  fiber  oxidation  rates,  and  the  strength  changes  associated  with 
oxidation,  can  be  determined  if  partial  pressures  are  known  or  modeled,  the  partial  pressure 
dependence  and  effects  of  volume  expansion  constraint  are  incorporated  in  such  models. 

SUMMARY  AND  CONCFUSIONS 

At  700°  and  800°C,  glass  scales  that  form  during  Hi-Nicalon™-S  oxidation  in  30  and  100 
h  often  dewet  the  fiber  surface  and  spheroidize.  The  scale  no  longer  passivates  the  SiC  surface, 
and  oxidation  proceeds  at  the  fastest  possible  rate,  with  new  Si02  scale  wicking  to  the 
spheroidized  scale  as  fast  as  it  forms.  The  low  viscosity  of  hydroxyl  group  saturated  Si02  scales 
that  form  in  steam  is  suggested  to  facilitate  dewetting  and  spheroidization. 

Oxidation  rates  in  steam  are  nearly  an  order  of  magnitude  faster  than  those  in  air  at 
temperatures  near  1000°C,  even  though  scales  formed  in  steam  are  crystalline  and  those  formed 
in  dry  air  are  glass.  However,  crystallization  may  have  a  relatively  small  effect  on  scale  thickness 
if  occurs  late  during  scale  formation.  The  temperature  -  time  dependence  of  scale  crystallization 
in  Si(OH)4  saturated  steam  was  much  more  erratic  than  that  in  air.  Scales  begin  crystallization  at 
much  lower  temperatures  in  steam  than  in  dry  air,  but  complete  crystallization  occurs  at  much 
higher  temperatures.  Scale  thicknesses  do  not  increase  significantly  with  temperature  from  1200° 
to  1500°C.  This  is  suggested  to  be  due  to  the  greater  amount  of  time  scales  spend  growing  in  the 
glass  state  at  temperatures  near  1200°C,  which  increases  oxidation  rates  at  lower  temperatures, 
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and  to  grain  growth  in  crystalline  scales  at  higher  temperatures  that  decreases  oxidation  rates  at 
higher  temperatures. 

Fiber  strengths  suffer  more  degradation  during  oxidation  in  Si(OH)4  saturated  steam  than 
they  do  in  dry  air.  Degradation  becomes  significant  after  100  h  at  600°C  in  Si(OH)4  saturated 
steam.  Two  mechanisms  for  degradation  are  suggested.  When  glass  scales  form  at  600°  to 
900°C,  surface-active  species  associated  with  H20  are  suggested  to  degrade  strength  by 
environmentally  assisted  subcritical  crack  growth,  regardless  of  whether  the  glass  scale  dewets 
SiC  or  remains  hermetic.  The  0.3  -  0.8  GPa  strength  drops  observed  for  fibers  with  these  types 
of  scales  was  slightly  larger,  and  occurred  at  lower  temperatures,  than  similar  strength  drops 
observed  previously  in  wet  (3  mol%  H20)  air.  When  crystalline  (cristobalite)  Si02  scales  form, 
strength  is  severely  degraded  by  the  effect  of  tensile  residual  stress  in  the  cristobalite  scale  on  the 
stress  intensity  factor  at  strength  governing  surface  flaws  in  the  SiC  fibers.  The  strength  drops 
observed  for  these  types  of  scales  were  consistent  with  those  observed  previously  for  crystallized 
scales  that  formed  after  oxidation  in  dry  air,  albeit  at  higher  temperatures.  Heat-treatment  in 
Si(OH)4  saturated  steam  had  no  significant  effect  on  Hi-Nicalon  M-S  microstructure  at  any 
temperature,  including  1500°C 
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